Abstract Mycobacteria, including Mycobacterium tuberculosis, are characterized by a unique cell wall rich in complex lipids, glycolipids, polyketides, and terpenoids. Many of these metabolites have been shown to play important roles in mycobacterial virulence and their inherent resistance to many antibiotics. Here, we report the development of a new simple method for global analysis of these metabolites using two-dimensional 1 H-
C heteronuclear single quantum coherence nuclear magnetic resonance. The major advantages of this method are as follows: the small amount of sample and the minimal sample manipulation required; a relatively short procedural time; and the ability to rapidly attain a qualitative and quantitative lipid profile of a mycobacterial sample in which the majority of the clinically relevant lipids can be observed simultaneously. The effectiveness of this method is demonstrated in four different areas of major concern to the mycobacterial research community: i) adaptive changes in cell wall lipids as a result of drug treatment; ii) analysis of gene function; iii) characterization of new mycobacterial species; and iv) analysis of the production of virulence factors in clinical isolates of M. tuberculosis.
This method is complementary to mass spectrometry-based lipidomic technologies and provides an urgently needed tool to gain a better understanding of the role of lipids in mycobacteria pathogenesis.-Mahrous, E. A., R. B. Lee, and R. E. Lee. A rapid approach to lipid profiling of mycobacteria using 2D HSQC NMR maps. J. Lipid Res. 2008. 49: 455-463.
Supplementary key words two-dimensional 1 H- 13 C heteronuclear single quantum coherence nuclear magnetic resonance & lipidomics & phenolic glycolipids & tuberculosis Mycobacterial infections are responsible for several devastating human diseases worldwide, including tuberculosis, leprosy, and Buruli ulcer. The mycobacterial cell wall is rich in complex lipids, including glycolipids, polyketides, and terpenoids, that have been shown to play important roles in mycobacterial virulence and pathogenesis (1) (2) (3) (4) (5) . Because of this impenetrable lipid coat, treatment of Mycobacterium tuberculosis infections and other emerging mycobacterial pathogens has proven challenging. Recently, differences in the virulence among different mycobacterial species and even strains belonging to the same species have been attributed to the ability of these strains to produce certain lipid molecules, such as the sulfolipids, phenolic glycolipids (PGLs), phthiocerol dimycocerosates, and acyl trehaloses (3, (6) (7) (8) (9) .
Multiple investigators have contributed a great deal to our understanding of the lipids and carbohydrates associated with the unique mycobacterial cell wall (10, 11) . This knowledge is the product of elegant but lengthy experimental procedures involving the extraction, fractionation, and structural determination of individual cell wall components. However, few methods have been developed to simultaneously qualitatively and quantitatively examine the components in the entire cellular lipid pool, thereby allowing rapid determination of the similarities and differences between samples. Application of five twodimensional (2D) TLC systems of increasing polarity by Dobson et al. (12) in the 1980s allowed the first global analysis of mycobacterial lipids and has found wide application in this field. Recently, MS-and LC-MS-based methods have been applied (13, 14) . Cox and coworkers (13) developed Fourier transform ion cyclotron resonance mass spectroscopy as a tool to study virulence-conferring lipids of M. tuberculosis from small samples. This proved to be a very sensitive method, which was able to detect mycobacterial lipids such as sulfolipid-1 and phthiocerol dimycoceroate in infected tissues in vivo. The most recent effort was reported by Shui et al. (14) , who used LC-MS methodology to detect the relative production of anionic lipids such as mycolic acids in response to different growth conditions.
Methods that strive for global analysis of the lipid pool of mycobacteria all have their strengths, but they also have limitations. 2D TLC methods are limited by the length of the procedure, the presence of overlapping spots, poor staining of some species, and difficulties in quantification. Additionally, 2D TLC does not provide any structural information that can identify new molecules or help explain a change in the migration of others. The limitations common to most MS-based lipidomic methods include the differing abilities of lipid species to form ions and hence varying signal intensity as well as ion-quenching phenomena, in which the signal from poor ionizing lipids is quenched by more easily ionized species suppressing the former signal, which requires the prior separation of lipid species for accurate quantitation or the use of specialized mass spectrometers. These factors result in a loss of sensitivity for many of the nonpolar lipid metabolites of tuberculosis bacilli. NMR-based lipid analysis methods are less sensitive than MS-based methods and are typically limited by overlapping signals in the 1 H NMR spectrum and the low natural abundance of 13 C. Considering the wide variety of lipids associated with mycobacteria and the unique properties of these lipids, we believe that no single technique can effectively study all of these lipids. Therefore, the development of complementary techniques is an important task so that when combined they may allow us to advance the important understanding of the role of lipids in the virulence and pathogenesis of mycobacteria.
Here, we report a new method for global analysis of the mycobacterial cell wall-associated lipid pool that uses 2D 1 H- 13 C heteronuclear single quantum coherence (HSQC) NMR for the analysis of a crude lipid extract from 13 Cenriched cells. The use of HSQC NMR disperses signals into two dimensions, providing an information-rich 2D lipid profile map in which key unique biomarker peaks can be resolved and used to diagnose and quantitate the presence of certain lipid species. We further describe the successful use of this method for the study of the following: i) adaptive changes in the cell wall lipids as a result of drug treatment; ii) analysis of gene function; iii) characterization of new mycobacterial species; and iv) analysis of the production of the virulence factor PGL in two clinical isolates of M. tuberculosis.
MATERIALS AND METHODS

Reagents
The deuterated solvents CDCl 3 , CD 3 OD, and D 2 O were purchased from Cambridge Isotope Laboratories (Cambridge, MA). Glycerol-13 C 3 and D-glucose-13 C 6 were purchased from Isotec-Sigma-Aldrich (Miamisburg, OH). Ethambutol was purchased from Sigma-Aldrich (St. Louis, MO).
Bacterial strains and growth conditions
Mycobacterial strains were grown in Middlebrook 7H9 supplemented with 0.05% Tween (Difco, Detroit, MI), 10% albumin dextrose supplement, and 0.2% glycerol. 13 C labeling was performed by the substitution of dextrose and glycerol in this medium with 0.2% U-13 C 6 -glucose and 0.2% U-13 C 3 -glycerol, respectively. Bacterial cultures (20 ml) were inoculated at an optical density at 600 nm (OD 600 ) of 0.05 and were maintained at 37jC with continuous shaking at 200 rpm until an OD 600 of 0.6-0.8 was reached. This yielded an ?150-200 mg cell pellet (wet weight). The entire pellet was used for the extraction described below. M. liflandii, M. ulcerans, and M. marinum cells were grown at 31jC without shaking in 175 cm 2 tissue culture flasks.
Ethambutol treatment
M. smegmatis mc 2 155 cells were inoculated at an OD 600 of 0.005 in 13 C-labeled Middlebrook 7H9. The cells were grown under three experimental conditions: i) in the absence of ethambutol (control experiment); ii) at IC 20 concentration (0.1 mg/ml ethambutol); and iii) at IC 50 concentration (0.2 mg/ml ethambutol). The cells were harvested when the control culture reached an OD 600 of ?0.7.
Total lipid extraction
The cells were harvested by centrifugation at 3,700 g for 10 min. The cell pellet was washed twice with 5 ml of D 2 O, removing the aqueous wash in between by centrifugation and decantation. In a final washing step, 1 ml of D 2 O was added to the cell pellets and cells were centrifuged at 21,000 g for 10 min. After careful removal of the remaining D 2 O, the wet pellet was weighed and subsequently extracted with a 2:1 (v/v) mixture of CDCl 3 and CD 3 OD (3 ml per milligram of cells). The extraction was performed at 37jC for 90 min with continuous shaking at 200 rpm. After extraction, CD 3 OD (1 ml per milligram of cells) was added to allow the formation of a single solvent phase. The pellet was then separated by centrifugation, and the supernatant was transferred to a standard 5 mm NMR tube.
Sterility testing of extract
The sterility of the extract was tested by air-drying of the organic solvent under sterile conditions followed by suspension of the residue in 200 ml of sterile Middlebrook 7H9. The suspension was then used to inoculate Middlebrook 7H11 agar plates that were incubated at 37jC. No bacterial growth was observed after a period of 6 weeks. Sterility testing was performed in triplicate.
Isolation of PGL from M. liflandii
M. liflandii cells were grown to stationary phase in a 50 ml culture, harvested by centrifugation, and subsequently extracted with ethanol and concentrated in vacuo. The dried ethanolic extract of M. liflandii (80 mg) was resuspended in CHCl 3 and applied to a Biotage SP1 flash chromatography system equipped with a Biotage Si 121M silica gel column that was eluted using a CHCl 3 -to-CHCl 3 /CH 3 OD linear gradient of 9:1 (v/v). The major PGL was detected using silica TLC analysis of CHCl 3 /CH 3 OH (95:5, v/v) (Rf 5 0.7) and visualized using cerric ammonium sulfate in 2 M sulfuric acid after charring. Fractions containing pure PGL were pooled and dried in vacuo.
NMR acquisition and data collection
The HSQC pulse sequence was applied using a 500MGHz Varian-INOVA NMR spectrometer equipped with a 5 mm triple resonance trpfg probe (Varian, Inc., Palo Alto, CA). HSQC spectra were acquired at 25jC for 256 increments and 12 scans per increment (?2 h). In investigating minor metabolites such as mycolactone, longer acquisition times were required to increase the intensity of the relatively weak signals (60-90 scans per increment). Other individual experimental parameters were optimized for each experiment. Signals were referenced to a tetramethylsilane internal standard. High-resolution magic angle spinning (HR-MAS) NMR was performed using a 4 mm gHX Nanoprobe (Varian). Experimental conditions for HR-MAS NMR were as described previously (15, 16) .
RESULTS AND DISCUSSION
Because of the unusual complexity and diversity of the mycobacterial cell wall lipid pool, we chose to investigate a 2D NMR-based strategy to resolve signals for lipid species directly in a crude solvent extract without any separation. Application of a 1 H- 13 C HSQC pulse sequence allows the user to overcome the broad overlapping peaks in a onedimensional proton spectra by dispersing the signals into the second 13 C dimension. By using 2D HSQC NMR, it was hoped that qualitative and quantitative lipid profiles could be obtained for mycobacterial samples so that the majority of the clinically relevant lipids could be observed simultaneously. Additionally, it was expected that the use of NMR would be less likely affected by external factors such as ionization potential and relative polarity, which may introduce artifacts in other analytical methods used in lipidomic studies. a Chemical shifts obtained from the literature and corrected to those observed when a 1:1 mixture of CDCl 3 :CD 3 OD is used for NMR acquisition.
b Letters correspond to the menaquinone substructures as described by Yamada et al (32) .
c Roman numerals and Arabic numerals correspond to mannose residues and the positions of carbon atoms in the pyranose ring, respectively, as described by Gilleron et al (33) .
M. tuberculosis
source in the growth medium with a universally labeled 13 C source (a mixture of U-13 C 6 -glucose and U-13 C 3 -glycerol) resulted in sufficient 13 C enrichment of the cell metabolites to enable us to obtain complex lipid maps within 2 h from a 20 ml Middlebrook 7H9 mycobacterial culture or from a lawn of mycobacteria grown on one 100 mm Middlebrook 7H11 agar plate. Such NMR lipid maps were not attainable from unlabeled cells using an increased concentration of crude lipid, as many species of lipid precipitate at higher concentrations. Signals in the HSQC spectrum were well dispersed and were categorized into three main regions: the most upfield region (y 1 H 0.5-3.0 ppm), representing the aliphatic chain of the lipid molecules; the far downfield region (y 1 H 5.2-8.5 ppm), representing unsaturated and aromatic substructures; and the middle region (y 1 H 3.2-5.4 ppm), which was crowded with signals, mainly from sugars attached to glycolipids (Fig. 1) . Although there is significant crowding of many signal areas of the HSQC spectrum, because every molecule is represented by multiple signals, it was found that by careful analysis, at least one or two distinct signals for each lipid molecule of interest could be discovered within the spectra that did not overlap with other signals. These signals were designated as diagnostic biomarker signals, which can be used to define the presence or absence of a molecule of interest, and the peak intensity of these biomarker signals can also be integrated to determine the relative quantity of a certain molecule. The y 1 H and y 13 C shifts for the biomarker signals of many significant mycobacterial lipids were defined by comparison of the lipid profile with the chemical shifts of purified standards or values described in the literature. These values are reported in Table 1 . These unique biomarker signals were then used to compare the lipid pools of different mycobacterial samples in subsequent experiments.
We believe that the most important application of this technique is as a rapid tool for the identification of qualitative or quantitative differences in molecules of interest that are involved in the virulence of mycobacteria. To demonstrate the utility of this technique in this area, we describe four types of experiments: i) definition of adap- tive changes in the lipid profile as a result of drug treatment; ii) analysis of gene function; iii) characterization of species or strains; and iv) analysis of the production of virulence factors in clinical isolates of M. tuberculosis.
Definition of adaptive changes in the lipid profile as a result of drug treatment
The drug ethambutol was chosen to demonstrate the use of this technique to observe adaptive changes in lipid profiles as a result of drug treatment. Ethambutol is known to act by inhibition of the mycobacterial arabinosyltransferases EmbA-EmbC, particularly EmbB, which is required for the formation of the three arm branch of the 3,5-a-Araf in the Ara 6 motif found in the cell wall arabinogalactan (17) (18) (19) . Arabinogalactan is the main polysaccharide in the mycobacterial cell wall and is terminally substituted with mycolic acids that form the mycobacterial outer lipid membrane (1). Kilburn and Takayama (20) first reported that treatment with ethambutol results in the accumulation of trehalose monomycolates and dimycolates. M. smegmatis cells were treated with ethambutol at its IC 20 and IC 50 (0.1 mg/ml and 0.2 mg/ml, respectively). First, the production of a truncated form of arabinogalactan was validated using solid-state HR-MAS NMR on the live cell pellet as described previously (15) . Then, the cellular lipids were extracted and the overall lipid profile was defined. Indeed, we were able to observe the gradual accumulation of trehalose mycolates in the lipid profiles of cells treated with increasing concentrations of ethambutol compared with control cells (Fig. 2) . This ability to rapidly observe the adaptive response to drug treatment is an important application of this technique.
Analysis of gene function
To demonstrate the use of this technique to explore gene function, we studied the lipid pools of the mycolactoneproducing mycobacterium M. ulcerans, with mutations in the mycolactone biosynthesis pathways. Mycolactone is the main virulence factor of M. ulcerans, the causative agent of Buruli ulcer and other closely related species (21) (22) (23) . Three polyketide synthases have been shown to be involved in the biosynthesis of this polyketide-macrolide hybrid molecule (Fig. 3, upper panel) . We compared the lipid profile of M. ulcerans 1615 (MU1615), which produces mycolactone A/B, with that of MU1615A, a mutant strain that is deficient in mycolactone biosynthesis (21) . As expected, analysis of these profiles showed the total absence of mycolactone signals from the MU1615A strain. Signals corresponding to the core macrolide ring only were also detected in MU1615::Tn104, a genetically engineered strain that harbors an insertion in the mlsB gene, which therefore cannot produce the side chain but retains the ability to produce the macrolide core of mycolactone (Fig. 3, lower  panel, a-c) (24) . This experiment demonstrates the ability of this method to confirm gene function based on the changes observed in the lipid profile. Furthermore, it demonstrates the ability of this technique to be used to study metabolites of relatively low abundance, such as mycolactones.
Characterization of species or strains
To demonstrate the use of this method to characterize different species or strains, we studied the newly described species, M. liflandii, a frog pathogen that was first reported in 2004 (25) . At that time, it was suggested that M. liflandii was closely related to either M. marinum or M. ulcerans (22) . When the lipid profile of this species was compared with the profiles of other mycobacteria (M. tuberculosis, M. smegmatis, M. ulcerans, and M. marinum), indeed, the similarity between the M. liflandii lipid profile and those of M. ulcerans and M. marinum was very obvious (Fig. 4A-C) . The M. liflandii lipid profile represented an intermediate lipid expression between M. marinum, which produces abundant glycolipids and carotenoids, and M. ulcerans, which lacks most of these molecules. This observation was validated recently through in-depth genomic study of several mycolactone-producing strains (26) . That study suggested a recent reductive evolution of M. ulcerans from M. marinum, whereas other mycolactone-producing strains like M. liflandii were identified as an earlier divergence during this evolutionary process (26, 27) . Another interesting finding from our study was that M. liflandii produces significant amounts of PGL, a class of lipids closely related to phthiocerol dimycocerosates, which are produced by some mycobacterial strains (28) (29) (30) . Signals attributed to PGL from M. liflandii were found to superimpose with signals corresponding to PGL in the M. marinum spectrum (31) . This observation was confirmed by the subsequent isolation and structural characterization of this molecule, which was found to be phenolphthiodiolone glycosylated with 3-O-methyl-rhamnose at the phenolic hydroxyl (Fig. 4D) .
Analysis of the production of virulence factors in clinical isolates of M.tuberculosis
To demonstrate the use of this technique to rapidly analyze the production of a specific virulence factor, we analyzed the lipid profiles of two well-known clinical isolates, the hypervirulent HN878 and the less virulent CDC1551, for differences in the production of the known virulence factor PGL. Recent studies have demonstrated that PGLs are produced in varying degrees by different clinical isolates of M. tuberculosis and that this may play a significant role in the hypervirulence of the Beijing/W lineage (6) . A major obstacle in studying these molecules is their low abundance compared with other lipid molecules and the lack of a quick quantifiable test for their presence. This problem seemed like an excellent opportunity to apply this technique. The y 1 H and y 13 C chemical shifts defined for the isolated PGLs produced by M. liflandii described above were compared with the 2D HSQC spectra of the M. tuberculosis lipid profile. Three unoverlapping signals that are unique to PGL were identified, which can serve as excellent biomarkers for this metabolite. These three signals correspond to the benzylic protons (y 1 H 2.58, y ppm, compared with y 1 H 7.29 and y 13 C 130.05 ppm in the PGL of M. tuberculosis. When the lipid profiles of two clinical isolates, the hypervirulent M. tuberculosis HN878 and the less virulent CDC1551, were compared (Fig. 5 , panel II), these three biomarker signals were readily observable in the HN878 profile but were absent in the profiles of both CDC1551 and an HN878-Dpks mutant in which the pks 1-15 gene responsible for the production of PGL was effectively disrupted. The signal for the benzylic CH 2 in the HSQC spectra was found to have the same proton shift as that of the CH 2 a to the carbonyl in the mycocerosate portion of this PGL (shown in green in Fig. 5, panel I, b) . However, these benzylic protons possess a clear signal when dispersed in the 13 C dimension. This underscores the utility of the 2D HSQC approach to lipid profiling. It was noted also that it is often possible to use multiple biomarker peaks for the same molecule (phenolic and benzylic in this case), which adds greatly to the confidence in the results of this method.
Conclusions
In conclusion, we have developed a simple method to globally analyze mycobacterial cell wall lipids. This method allows for the simultaneous analysis of cell wall lipid species to pinpoint changes in the lipid profile as a result of gene mutation, drug treatment, or adaptation to environmental changes. Although this method does not have the fine sensitivity of MS-based lipidomic methods, it has the advantage of being suitable to analyze lipid species regardless of their polarity or ability to ionize and allows the simultaneous analysis of a broader range of lipids. This makes it a good complementary method for the lipidomic analysis of mycobacteria. Because of the rapid nature of this method, the simple procedures, and the small sample size required to produce a good quality spectrum using a standard highfield NMR spectrometer found in most research institutions, we expect that it will find wide application in studying mycobacterial lipid-mediated virulence and pathogenicity. Furthermore, we anticipate that the sensitivity of this technique could be improved by using low-volume probes to decrease the required sample size and using cryoprobe technology to improve signal-to-noise levels when studying molecules with lower abundance.
